The phenomenon of super adiabatic combustion was first described by Weinberg in 1971; he referred to it as excess enthalpy combustion. Premixed combustion in porous media results in flame temperatures above the adiabatic value due to the preheating of the inlet stream by the solid phase (Min and Shin, 1991) . Although the extent of the thermal overshoot is enhanced by radiative feedback and reciprocal feedstreams, it also occurs in a unidirectional feed configuration where radiative heat transfer is neglected.
Thermal overshoots in the gas phase compromise the system in several ways, and we will briefly discuss two effects. The high gas temperature can alter chemical equilibrium. For example, it is expected that the combustion of a lean methane-air mixture will produce combustion products CO, and H20 only. At temperatures above 1900 K, however, CO starts to form (along with traces of NO) and the equilibrium rapidly shifts toward CO with a further increase in temperature. The overshoots can also affect the mechanical integrity of the monolith. In non-adiabatic burner systems a considerable amount of heat is radiated from the solid phase toward the load. If the system is designed to operate at a maximum temperature less than the adiabatic flame temperature, this maximum temperature can be exceeded. Thus, thermal overshoots as a result of super adiabatic combustion may lead to equilibrium shifts and also chemical or mechanical failures of the solid medium (Chen et al., 1992; Sih and Ogawa, 1982; Thiart et al., 1991) .
The purpose of this note is to demonstrate an analytical method to study combustion in a two phase system. The flame front position and the temperature overshoot as a function of the feed velocity are also investigated.
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MODEL
Consider a single monolith channel of finite length L in an adiabatic system. Diffusion effects and radial conduction are neglected and the thermophysical properties are assumed constant. The pressure drop in the monolith is neglected and an average pressure is used in the equation of state. We have to make these assumptions to keep the analysis tractable. The governing equations are:
The maximum flame temperature is T, (usually more than the adiabatic value T,). Using the length of the monolith as the length scale, L/Uo for the timescale, Co for concentration and (T,, -To) for temperature, the following dimensionless variables are
Suppose the flame is stabilized at a distance fo from the inlet. The axial coordinate is transformed such that the origin is at the flame front, i.e. situated at zero, by z = x -1; = 0. The steady state combustion model is described by the following dimensionless equations:
That β, Da and γ are not known apriori for this formulation, since they are defined in terms of T,. The boundary conditions are:
ANALYSIS OF REACTION ZONE.
The large activation energy of the combustion reaction limits the chemical reaction to a thin zone. This is the so-called flame sheet approximation (Matkowsky and Sivashinsky, 1979: Norbury and Stuart, 1989) . Most analyses of this kind have been done on an infinite domain, i.e. x Ė R1. This analysis differs from previous work in that the domain of the solution is finite, .x E [0, L]. In the analysis on an infinite domain, the flame velocity was considered an unknown. Steady-state combustion is then associated with a constant speed of the combustion front. In the case of a finite analysis, the flame position within the monolith is not known a priori. An asymptotic analysis of the flame front provides us with an analytical solution of the model. It also provides us with the necessary information to find the axial flame position fo The analysis is done by matching the solutions inside the combustion front with the solutions outside the combustion front. Inside the combustion front the axial variable is stretched as v = yz and the following expansions are made:
And matching the solution with the outer solutions u results in H,, = 1. Collecting terms of O (l/γ), we get As v→ +∞, the fuel is completely consumed and ζo (+ ∞, t) = 0. In the same limit, dθ r1/ dv must match the outer solution expressed in terms of v. Let this limiting value be denoted as α+. Combining eqs (18) and (19) and integrating between v and + ∞ we v is bounded from below as -γfo. We consider y to be large but finite. As v → -γfo, dθ r1 /dv approaches the stream up value of α -and ζo = µo = 1. From eq. (20) it is seen that Substituting eq. (22) into eq. (18) and integrating between -γfo and 0, we find
The matching values of α -and α + are given by the solutions outside the reaction zone. Equation (24) gives a relationship between the outer solutions (α -and α + ) and the flame's position.
SOLUTION OF THE EQUATIONS
The flame sheet approximation allows the problem to be viewed in three zones, i.e. the precombustion zone. The combustion zone and the post-combustion zone. For the precombustion zone the temperature can be written as Likewise, the temperature for the post-combustion zone is
The coefficients A -F, T m and flame position fo can be solved using eqs (9), (ll), (24) Table 2 for parameter values for a methane content of 6% and a velocity of 0.5 m/s.]
RESULTS AND DISCUSSION
The flame position corresponding to a certain maximum temperature is determined for methane fractions of 4, 6 and 8%. This is done for a series of feed velocities. Figure 1 shows the solution found near the inlet, and Fig. 2 shows the solution found near the outlet of the monolith. For each fraction a minimum velocity exists, below which no solution is found. In order to sustain the combustion reaction, a minimum fuel flux is required and the flame extinguishes if the velocity drops below the minimum associated with this flux. This minimum velocity increases when the fuel fraction of the feed is increased. At 4% the lower limit on the velocity is 0.02 m/s and at 6% it is 0.12m/s.
A limit also exists for the maximum velocity. The solutions at the inlet and at the outlet approach the limit as the velocity is increased. This limit is associated with a limit point of the bifurcation diagram which can be constructed by plotting the flame position as a function of velocity (i.e. Figs 1 and 2) . The blow-off velocities vary from 0.33 n~/sat 4% to 1.28 m/s at 8%.
In Fig. 3 the maximum temperature of the fluid phase is plotted as a function of the velocity for a flame stabilized near the inlet. The maximum temperature increases as velocity is increased. At first glance this trend may appear counterintuitive, but it must be kept in mind that the controlling mechanism of this reaction is mass transfer and the molar flux of fuel increases when the velocity is increased. Near the limit (blow-off velocity) the gas temperature exceeds the adiabatic temperature by a considerable amount. This overshoot decreases when the methane fraction is increased. For a feed of 4% methane the adiabatic Figure 4 shows the axial fluid and wall temperature profiles in the monolith for a 6% methane feed and a fluid velocity of 0.5 m/s. The overshoot is clearly seen in the fluid temperature. At the inlet of the monolith the gas temperature is lower than the solid phase temperature and the gas is preheated. The gas reaction becomes large beyond the ignition temperature and the solid-phase temperature is exceeded. In the post combustion zone, the flame temperature drops to the solid-phase temperature and the outlet temperatures (in thermal equilibrium) equal the adiabatic value.
CONCLUSIONS
The analytical solution obtained by means of matched asymptotics proves to be a very elegant method to model combustion in a porous medium. Using the same method of matched asymptotic, m cobedo and Vijoen (1993) found favorable comparison between the analytical solution and numerical simulation of reaction fronts in a porous medium. The analysis demonstrates clearly that the combustion temperature in monolithic structures approaches the adiabatic value at low velocities, but, as the velocity is increased, thermal overshoots occur in the gas phase. This phenomenon is more pronounced for leaner mixtures. For a mixture of 4% methane in air near the blow-off velocity, the flame temperature exceeds the adiabatic value of 1102 K by at least 635 K. This represents a thermal overshoot of more than 50%.
These maximum temperatures are determined with--1lt taking into consideration the endothermic dissociation reaction of CO,. At elevated temperatures this reaction comes into play and will decrease the temperature. The actual temperature in the monolith would be less than the maximum temperature found by this analysis. Another factor which has not been included in the present analysis is heat losses at the ends of the monolith. Min and Shin (1991) did a numerical study of combustion in a monolith taking heat losses into account. The temperature of the solid phase will drop and the maximum temperature in the gas phase will also be lower. The fraction of he1 in the feed determines the velocity range (U,, -between which a steady-state solution exits. For higher fuel feed fractions the velocity range widens and the minimum velocity increases. Density plays an important role. As the temperature of the gas phase in-creases, the velocity increases and the density de-creases. The effect of variable density is reflected by the o which appears on the right-hand side of eq. (24). If it is set to one, one will obtain the result for a constant density approximation. The velocity range de-creases and the maximum gas temperature increases for the variable density case.
